The adoptive transfer of T cells engineered to express artificial chimeric antigen receptors (CARs) that target a tumor cell surface molecule has emerged as an exciting new approach for cancer immunotherapy. Clinical trials in patients with advanced B cell malignancies treated with CD19specific CAR-modified T cells (CAR-T) have shown impressive antitumor efficacy, leading to optimism that this approach will be useful for treating common solid tumors. Because CAR-T cells recognize tumor cells independent of their expression of human leukocyte antigen (HLA) molecules, tumors that escape conventional T cells by downregulating HLA and/or mutating components of the antigen processing machinery can be eliminated. The ability to introduce or delete additional genes in T cells has the potential to provide therapeutic cell products with novel attributes that overcome impediments to immune mediated tumor elimination in immunosuppressive tumor microenvironments. This review will discuss recent concepts in the development of effective and safe synthetic CARs for adoptive T cell therapy (ACT).
Introduction
The adoptive transfer of T cells engineered to express artificial chimeric antigen receptors (CARs) that target a tumor cell surface molecule is an exciting new approach for cancer immunotherapy. Clinical trials in patients with advanced B cell malignancies treated with CD19-specific CAR-modified T cells (CAR-T) have shown impressive antitumor efficacy [1] [2] [3] [4] [5] , leading to optimism that this approach can be applied to treat common solid tumors [6] . This review will discuss recent advances in the development of effective and safe synthetic CARs for adoptive T cell therapy (ACT).
Structural elements of chimeric antigen receptors Ligand binding
CARs consist of fusion molecules and are typically comprised of an extracellular single chain variable fragment (scFv) of a monoclonal antibody (mAb) specific for a surface molecule on the tumor cell, a spacer domain that provides flexibility and optimizes T cell and target cell engagement, a transmembrane domain, and signaling modules that trigger T cell effector functions (Figure 1 ). The use of scFvs for ligand binding takes advantage of the high specificity and prevalence of mAbs for tumor associated molecules, although other novel ligand binding domains have been utilized or are under development for clinical applications [7] .
In contrast to T cell receptors (TCRs) that have been perfected through evolution to safely and efficiently distinguish self from non-self, CARs are constructed synthetically and assembly of an optimal receptor construct is largely empiric (Box 1). Ligand binding of a CAR differs from that of a TCR binding to peptide/MHC (pMHC) in receptor affinity, antigen density, and spatial properties; and experimental approaches to designing an optimal CAR for a specific target molecule have relied on functional assays of transduced T cells in vitro or in human tumor xenograft models. Few studies have evaluated the effect of affinity by designing CARs from scFvs of the same specificity but with different affinities. In one study, a CAR constructed from a higher affinity scFv specific for an epitope in the Ig-like/ Frizzled region of ROR1 exhibited superior antitumor activity against human tumor xenografts than a lower affinity CAR specific for the same region of ROR1 [8] . However, based on studies of class I restricted TCRs that revealed a threshold of affinity beyond which antigen and CD8 co-receptor engagement result in activation induced T cell death and loss of therapeutic activity [9] , it is likely that for each target molecule there will be an affinity threshold for CARs, beyond which T cell effector function and/or survival may be compromised.
The number of molecules that are expressed on the tumor cell surface and available to bind the CAR can vary substantially for individual targets, and is typically much higher than the number of pMHC molecules available for binding of TCRs. Because it is unlikely that CARs will serially engage target molecules and cluster in organized synapses as is observed with TCR/pMHC recognition, it is assumed that a higher ligand density is required for CAR recognition than for TCRs [10] . TCR signaling is further enhanced by the small size of the TCR/pMHC complex, which results in their physical segregation from tyrosine phosphatases that have large ectodomains [11, 12] . By contrast, the spatial interaction between a CAR-T cell and its target cell differs depending on the structure and location of the epitope on the target molecule and the design of the extracellular domain of the CAR. Indeed, studies have shown that it is critical to tailor the length and composition of the extracellular spacer domain for individual target molecules to optimize tumor cell recognition, T cell proliferation, and cytokine production [13, 14] .
Tumor escape from CAR-T cells can occur by the selective outgrowth of antigen loss variants and might be overcome by targeting two different tumor associated molecules. It is feasible to express two ligand binding domains in tandem separated by a flexible linker, or as single CAR constructs in the same or different T cells [15] . The expression of scFvs in tandem is appealing and has been shown to work in principle. However, different spatial requirements for CAR binding for each target may limit the applicability of this approach for some targets or compromise the efficacy of tandem CARs that do not optimally signal through one of the binding domains.
Signaling Modules
Distinct constellations of intracellular signaling domains have been incorporated into CARs to activate effector functions in the T cell. CARs were initially designed with CD3ζ or FcR domains as the only intracellular signaling module, but clinical trials of ACT with such "first" generation CAR-T cells targeting L1CAM and CD20 did not confer significant antitumor activity or result in proliferation and persistence of CAR-T cells in vivo [16, 17] . Subsequently, CARs were designed to enhance cytokine production by incorporating one or more costimulatory domains fused to CD3ζ, such as CD28, CD137, or OX-40, and these "second" and "third" generation receptors were superior for inducing cytokine production and proliferation of CAR-T cells in vitro, and for mediating tumor regression in xenograft models in Nod/Scid/γc -/-(NSG) mice compared to CARs with CD3ζ alone [18] [19] [20] [21] [22] [23] . Direct comparison of a CD19-specific CAR containing CD28/CD3ζ and one containing only CD3ζ has been performed in one clinical trial and as predicted from preclinical data, T cells expressing the CD28/CD3ζ construct exhibited superior persistence [24] . Surprisingly, antitumor activity was not as dramatic in this study as reported for other trials with CD19specific CAR-T cells, potentially reflecting other variations in CAR design and/or T cell product composition. Strategies for further augmenting potency and supporting survival of CAR-T cells by co-expressing additional costimulatory receptors, their ligands, and/or cytokines may be necessary for effective CAR-T cell therapy in solid tumors where suppressive tumor microenvironments interfere with T cell function [25, 26] .
Types of T cells to engineer with CARs for adoptive immunotherapy
CD8 + and CD4 + T cells consist of phenotypically distinct naïve and memory subsets that vary in frequency in the blood and serve different roles in adaptive immunity. The availability of methods for selecting specific T cell subsets using antibodies for constellations of surface markers that distinguish them, and the efficiency of gene transfer using retroviral, lentiviral or transposon based gene delivery makes it feasible to express CARs in specific subsets of T cells and use defined formulations for therapy ( Figure 2 ). Current data on CD8 + T cell differentiation are consistent with a progressive differentiation model such that naïve (T N ) and central memory (T CM ) cells have superior proliferative capacity, longer telomeres, and improved survival after adoptive transfer compared to effector memory (T EM ) and effector (T E ) T cells [27] [28] [29] . This would suggest that selecting T N and/or T CM for genetic modification might provide products capable of the greatest proliferation and in vivo persistence. However, other factors such as homing receptor expression that dictate trafficking to sites of tumor and the need for immediate effector functions to control rapidly progressive tumors might influence how engineered T cell products might be formulated for optimal efficacy. Current approaches to generate CAR-T cell products by genetically modifying all of the T cells obtained by leukapheresis result in large variability between patients and may not fully capitalize on the proliferation, migration, survival, and functional properties of individual subsets. Support for the differential capacity of effector T cells derived from different CD8 + T cell subsets to eradicate tumors after ACT comes both from studies with murine T cells and with human T cells in NSG mice [30] [31] [32] . Purifying even relatively rare human T cell subsets such as CD8 + T CM from the blood can be accomplished using a combination of positive and negative immunomagnetic selection or positive serial positive serial enrichment with reversible Fab streptamers [33, 34] . Thus, the use of defined T cell subsets in ACT in clinical protocols is now beginning to be evaluated. Although the preclinical data and rationale are appealing, it remains to be determined if selecting defined subsets for modification with CARs will enhance efficacy and/or reduce toxicity. Resolving these issues may require comparative clinical trials of defined composition T cell products.
Enhancing efficacy and function of CAR-T cells
The robust clinical activity of ACT with CD19-specific CAR-T cells in ALL might be attributed to uniform, high-level expression of CD19, the vascularized distribution of tumor cells, and unique qualities of lymphoid cells that may make them more susceptible to T cell effector mechanisms [1, 3, 5, 35] . In treating solid tumors, significant challenges are anticipated beyond the identification of safe targets and design of functional CARs, and additional engineering of T cells for efficient homing, retention of viability, and maintenance of function within the immunosuppressive tumor microenvironment may be necessary for optimal efficacy [36] . Transferring or editing additional genes in T cells to affect cell function and potentially enhance efficacy might provide essential attributes to optimize antitumor activity [37, 38] . Cell-intrinsic resistance to immunologic checkpoints imposed in the tumor microenvironment is an area of particular interest and strategies for attenuating TGF-beta signaling and deflecting signaling from inhibitory checkpoint coreceptors such as PD-1 by expression of chimeric receptors that are composed of extracellular PD-1 fused to cytoplasmic CD28 have been described [39] [40] [41] . Permanent gene editing of CAR-T cells using zinc finger nucleases, TALENs, or CRISPR-Cas technologies are being developed and can be achieved by mRNA transfection to transiently express editing construct(s). Recently, library screens of shRNA have been employed to identify novel endogenous genes that when knocked down improve the efficacy of anti-tumor T cells, and may provide additional targets for modification of CAR-T cells [42] . CAR-T cells can also deliver secreted recombinant effector proteins to the tumor site, best illustrated by the use of IL-12 secreting CAR-T cells to modify cells in the tumor microenvironment to support the anti-tumor activity of CAR T cells [26, 43, 44] ,
Safety
Treatment of refractory leukemia patients with CD19 CAR-T cells has revealed significant and sometimes life-threatening toxicities arising from synchronous CAR-T cell activation and production of effector cytokines, including tumor necrosis factor, interferon gamma, and interleukin 2 [1, 3, 45] . The secretion of cytokines causes fever, hypotension that requires intravenous fluid and pressors, transient neurologic dysfunction, and a macrophage activation syndrome characterized by high interleukin 6 levels and hemophagocytosis. In addition to supportive care, treatment with anti interleukin 6 antibodies and with corticosteroids may be necessary in severe cases. Targeting molecules on solid tumors that may not be strictly tumor specific with CAR-T cells carries the additional risk of damage to normal tissues due to on-target, off-tumor recognition [46] . Transfecting T cells with mRNA encoding the CAR to provide self-limited expression of the CAR in transferred T cells may be useful to screen for immediate toxicity, but the need for repeated infusions to achieve optimal antitumor effects has resulted in anaphylaxis related to the development of an IgE antibody response to the CAR, which was derived from a murine monoclonal antibody [47, 48] . Dual targeting with split receptor systems has been developed to achieve selective recognition of tumor cells where the target molecule on the tumor is also expressed on a subset of normal cells. One strategy is to co-express two CARs that operate as logic gates such that recognition of one target antigen is not sufficient to elicit a full T cell activation signal. This can be achieved by expressing a CAR specific for a molecule shared by the tumor and some normal cells but designed to have attenuated signaling by using an scFv of low affinity, an extracellular spacer that is suboptimal, or a CD3ζ construct that is mutated in one or more of the immune receptor tyrosine activation motifs (ITAMs). A second CAR specific for a target on the tumor but not the normal cells with the target for the activating CAR provides the full T cell activation signal and selective tumor recognition [49, 50] . An alternative strategy for achieving tumor selectivity is to employ both activating and inhibitory CARs. In this scenario, the activating CAR targets a molecule on both tumor cells and some normal cells, while the inhibitory CAR is specific for a molecule that is expressed only on normal cells. When the CAR-T cell encounters a normal cell, signaling through the activating receptor is inhibited, thereby preventing damage to normal tissues [51]. These combinatorial systems, while not yet evaluated in the clinic, could allow for effective targeting of a greater number of targets that are expressed on solid tumors and a subset of normal tissues.
Equipping CAR T cells through their genetic modification to exert orthogonal effector outputs that enhance potency must be matched with stringent safety attributes that allow for the regulation of these cells in the patient. Genetic platforms that act as transgene transcriptional and/or translational regulatory systems in T cells that respond to clinically acceptable small molecule drugs are under development and might serve to modulate the activity of CAR-T cells in near real time in a clinician controlled context. Ultimately, the provision of a suicide construct for rapid and complete elimination of CAR-T cells is the most robust safety strategy for controlling adverse events associated with prolonged engraftment and potentially mitigating acute toxicities from CAR-T cells. The ability of cell ablation to attenuate acute toxicities such as cytokine storm once initiated remains to be assessed clinically. Several suicide constructs have now been advanced to the clinic, in particular the dimerizable iCasp9, which when activated can result in the elimination of the vast majority of transferred T cells [52, 53] . EGFRt is a cell surface tag that retains the binding epitope for cetuximab and is used for immunomagnetic cell selection and cell tracking in clinical trials [54] . In vitro and murine models demonstrate that co-expressing a cell surface tag comprised of a truncated epidermal growth factor receptor (EGFRt) can allow T cells to be eliminated by cetuximab administration, however the utility of this construct for cell ablation in humans is the subject of evaluation.
Challenges and Future Perspectives
Adoptive T cell therapy for cancer has entered a new and accelerated phase of clinical translation based on applying advances in synthetic biology and genetic engineering to derive therapeutic cell products. The design of CAR-T cell therapies remains largely empiric in target selection, defining the requirements for optimal signaling of T cell effector functions, and in formulating therapeutic products. Many questions are unresolved (Box 2), and it remains to be determined whether the striking success of this approach in the treatment of B cell malignancies can be recapitulated in solid tumors. However, careful interpretation of the results of well-designed clinical trials combined with advances in the development of functional, regulated synthetic receptors and T cell biology suggests that significant progress will continue to be made in applying principles of synthetic biology to cancer therapy.
Box 1 CAR Assembly
• Select scFv binding domains to membrane proximal epitopes in target molecules
• Examine scFvs of different affinities
• Screen spacer length variants for optimal function in vitro and in NSG mice Biophysical components of chimeric antigen receptors work in concert to affect qualitative and quantitative signaling outputs to the T cell. Signal output tuning based on scFv binding affinity, extracellular spacer size adapted to the target epitope location, and cytoplasmic costimulatory and ITAM elements are interdependent. The net effect of any combination of components is to tune the CAR to be compatible with effector T cell physiology between thresholds that enforce hypoactivity (anergy) and hyperactivity (activation induced cell death).
Figure 2. Formulating Engineered T Cell Products of Defined Composition
The composition of T cells present in peripheral blood is heterogeneous and prone to fluctuations based on patient age, disease status and prior therapies. Without formulation of T cell products of defined composition, each patient will receive a different product with potentially significant bariance in potency and safety. CAR trials are now underway that are examining the impact of formulating products of defined ratios of CD4 and CD8 T cells derived from different precursors (T N = naïve, T CM = central memory), as well as, purifying CAR T cells based on purity and expression level of the CAR.
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